Transient heat transfer caused by a heat pulse in subcooled liquid nitrogen is investigated experimentally. This study is part of our ongoing efforts to develop a stable cryogenic cooling system for superconducting fault current limiters (SFCL) in Korea. A thin heater attached by epoxy on one surface of a GFRP plate is immersed in a liquid-nitrogen bath at temperatures between 77 K and 65 K. A strong heat flux up to 150 W/cm 2 is generated for 100 ms, and the temperature of the heater surface is measured as a function of time. The behavior of bubbles on the heating surface can be indirectly explained by comparing the measured temperature history for vertical and two different horizontal (up and down) orientations. It is concluded that subcooling liquid nitrogen below 70 K is a very effective method to suppress bubbles and result in better thermal protection and faster recovery from a heat pulse.
INTRODUCTION
requirement of an SFCL is to safely protect superconducting elements from a heat pulse caused by a fault current and to promptly recover them to normal operation [1] [2] [3] [4] [5] . This requirement is especially important in resistive-types of SFCL where the energy of an electrical fault is immediately dissipated into heat. This paper is part of our ongoing research towards an efficient and stable cryogenic cooling system for SFCL under the 21C Frontier R&D Program funded by the Korean Ministry of Science and Technology.
Cooling superconducting elements in subcooled liquid-nitrogen at around 65 K and atmospheric pressure is an excellent option for SFCL in many respects. The critical current density of HTS is considerably greater at 65 K than at 77 K, thus the size of superconducting elements can be reduced [6] . A more important benefit of subcooling the liquid is the suppression of bubbles that may be generated from an internal or external heat load. Since bubbles play a critical role in the deterioration of electrical insulation in liquid nitrogen, subcooling is essential for high-voltage devices such as SFLC or transformers [7] .
A number of efforts have been directed at subcooled liquid-nitrogen systems for HTS power applications, and it is now a common practice in SFCL to employ a cryocooler for continuous operation and to take advantage of the active natural convection of liquid nitrogen for temperature uniformity [8] . Several cryogenic systems had been successfully developed for small or full-scale SFCL prototypes in subcooled liquid-nitrogen [2] [3] [4] . On the other hand, the transient thermal phenomena caused by a heat pulse have been rarely reported. Even though a number of pool-boiling correlations in subcooled liquid nitrogen are available including nucleation, peak nucleate boiling, and film boiling [9] , we think the steady-state information is not directly applicable to this specific situation, because the transient inertial factor of the fluid is dominant in the short fault period (typically, 100 ms). This study investigates the thermal diffusion of a heat pulse in subcooled liquid nitrogen. As a first step, we intend in this paper to directly measure the temperature history in similar experimental conditions for a better understanding of the thermal phenomena. These results should be useful in predicting the peak temperature and the subsequent recovery of the superconducting elements in the SFCL. EXPERIMENTAL APPARATUS FIGURE 1 is a schematic overview of our heat pulse diffusion experiment. A single-stage GM cryocooler (Cryomech AL60) is mounted on the top plate of a cryostat, and a 35 L vessel of liquid nitrogen is placed at the upper position of a cryostat for close access to the coldhead of the cryocooler. A circular copper plate (5 mm thick and 25 cm in diameter) is horizontally attached to the coldhead as an extended cooling surface. The cooling capacity of the cryocooler is regulated by a Thermofoil™ heater (Minco Model HK5562) attached on the coldhead and a DC power supply. FIGURE 2 is a cool-down history to a subcooled liquid state at 65 K and 101 kPa. During the initial cool-down (about 13 hours), liquid nitrogen is in a saturated state so that the cryostat pressure decreases in accordance with the vapor pressure of nitrogen. When the liquid reaches the intended temperature, the coldhead heater is turned on at the preset value and helium gas is supplied to pressurize the cryostat to 101 kPa. The liquid temperature under the cooling plate is spatially very uniform by natural convection, and the test modules are suspended at a distance of approximately 5 cm below the plate.
Two different types of test modules are prepared in this experiment, as shown in FIGURE 3. In the first, a square shape of Thermofoil™ heater (Minco HK5583) is attached by epoxy on the surface of a rectangular GFRP plate (40 mm x 37 mm and 3 mm thick). A temperature sensor (E-type thermocouple as described below) is located in a direct contact with the heater at the center of the square and the thermocouple wires are connected through a tiny hole (2.0 mm diameter) from the opposite direction of heating surface. Three different orientations (vertical, heating surface up and down) are tested and compared to examine the effect of bubbles. In the second module, the same heater is sandwiched by two identical GFRP square plates. Because of its symmetry, the temperature sensor is placed only on one side of the heater, and two orientations (vertical and horizontal) are tested.
In order to simulate the heat pulse in an actual SFCL, a preset voltage is applied to the heater for 100 ms by an AC power supply (Pacific Power Smart Source™ 360-AMX). FIGURE 4 is an example of the measured voltage applied to the heater when V rms = 90 V and/ = 60 Hz. The heat diffusion in the test module is considered basically one-dimensional, since the heat flux is spatially uniform over the heating surface. The heating power is considered nearly constant over the heating period (that is, step-up and step-down profile), since the ac period (1/60 s) is very short in comparison with the thermal relaxation time constant in the heater and the electrical resistance of the heater is nearly constant over temperatures up to 600 K. The range of the heating power per unit area is 10-150 W/cm 2 in this experiment. Temperatures are measured with E-type (chromel-constantan) thermocouples (Omega 5TC-TT-36AWG) at the coldhead of the GM cryocooler, the test modules, and several locations in the liquid pool. The accuracy of the thermocouples is ± 30 mK for temperatures in the range of 63-77 K, which is confirmed by a simultaneous measurement with a silicon diode (Lakeshore DT-470-SD) at the coldhead. We prepared a few test modules where both a thermocouple and a silicon diode are installed side-by-side. Following a heat pulse, the sensitivity of the two sensors was practically the same, but the measured response time of thermocouple was clearly shorter. Consequently, we decided to use thermocouples for the remaining transient measurements. The temperature of the test modules is sampled and recorded every 1 ms with a high-speed data acquisition board (National Instrument DAQPad-6015). In order to verify repeatability, we executed the same experiment ten times for several selected conditions and compared the temperature history. In every case, the temperature discrepancy was very small (the order of 0.1 K or less) during the sharp heating-up period. On the other hand, there was a few percent of discrepancy in the early stage of the recovery period, which is mainly due to the somewhat erratic behavior of bubbles as discussed later. Additional thermocouples are attached at several axial locations of a vertical GFRP rod for the purpose of checking the liquid level and confirming the uniformity of the liquid temperature. 
RESULTS AND DISCUSSION

GFRP Sandwich
We present first the computational results for the GFRP sandwich in subcooled liquid at 65 K to compare with the experimental measurement. The temperature is calculated by numerically solving the one-dimensional heat diffusion equation
where p, C, and k are the density, specific heat, and thermal conductivity of GFRP as functions of temperature. FIGURE 5(a) shows the evolution of the calculated temperature distribution when 100 W/cm 2 is supplied to the center surface (x = 0) for Q<t <0.1 s. The Crank-Nicolson method [10] is incorporated in the calculation and an adiabatic condition is assumed at the surface at x = ± 3 mm, because the thermal penetration depth [11] is less than 3 mm and the effect of the convection cooling on the temperature distribution is negligibly small. A sharp peak formed at* = 0 during initial 0.1 second is gradually spread out symmetrically. FIGURE 5(b) is a reproduction of FIGURE 5(a) to show the temperature history at x = 0, 0.1, 0.2, and 0.3 mm in comparison with the experimental measurement. The experimental temperature history is also the result of a heat pulse of 100 W/cm 2 for 100 ms, and the same results are obtained regardless of its orientation (vertical or horizontal). It is noted that the measured temperature reaches a peak value of 173 K at around t = 0.15 s and then drops down gradually by heat diffusion. The main reason for the delay of the peak temperature is the distance between the heater and the temperature sensor.
A fairly good agreement is observed between the calculated temperature at 0.2 mm and the experiment. It is a coherent reasoning that in the experiment we have actually measured the temperature approximately at 0.2 mm away from the center, because the heater is 0.2 mm thick (or 0.1 mm from the center) and the thermocouple junction is also about 0.2 mm in diameter. Therefore, the experimental data presented below does not quantitatively represent the maximum temperature, but does provide significant information about the diffusion of the applied heat pulse to the GFRP plate, depending upon the various cooling conditions of liquid. 
Orientation of Heating Surface
FIGURE 6(a) is the temperature history for the GFRP plate at three different orientations when 100 W/cm 2 is supplied at 77 K. It is clearly noticed that the temperature-increasing rate is independent of the orientation during the heating period, but the recovery is faster for the heating surface up than the vertical surface, and slower for the heating surface down. These phenomena are closely related with the behavior of bubbles. Recall that the thermal penetration depth at t = 0.1 s is less than 0.06 mm for GFRP as demonstrated in FIGURE 5(a) [11] . Thus the bubbles, if any, may be generated only on the heating surface of the plate. Obviously, the bubbles can escape more easily from the heating surface when it is facing up than when it is facing down, which results in the difference of the recovery speed. On the other hand, during the short heating period (100 ms) the buoyant effect depending upon the surface orientations does not seriously affect the dynamic behavior of bubbles near the surface. We think for this reason that any existing (steady-state) pool-boiling correlations [9] could not be directly applicable to this extremely transient heat transfer. FIGURE 6(b) is the temperature history when liquid nitrogen is in a subcooled state at 65 K and all the other conditions are the same as in FIGURE 6(a). A distinctive feature of these curves is that the temperature change is much less dependent upon the orientation not only for the short heating period, but also for most of the recovery period. This means that even though the heat pulse may have caused temporary vaporization of liquid on the surface, the vapor must be re-condensed immediately by the subcooled liquid, before escaping as bubbles. We claim through these experimental results that the subcooling of liquid nitrogen at 65 K indeed plays a significant role in suppressing the bubbles for the short fault period in an SFCL.
Temperature of Subcooled Liquid
We repeated the same heating procedure for a vertical GFRP plate at various liquidtemperatures, and the temperature history is plotted in FIGURE 7. It is right in general that the lower the liquid temperature is below 77 K, the lower is the peak temperature and the faster is the recovery. On the other hand, the curves can be sorted in two groups, which means that the effect of subcooling becomes significant only if the degree of subcooling exceeds a certain limit (3 to 6 degrees in this specific case). We think this behavior is also closely related with the probability of bubbles on the surface in contact with the subcooled liquid. In FIGURE 7, for example, no noticeable advantage in peak temperature and recovery is expected if liquid nitrogen is subcooled at 74 K, because 3 K of subcooling may not be enough to suppress bubbles. In order to take advantage of subcooling during the fault period of SFCL, we strongly recommend that the liquid temperature should be 70 K or lower at atmospheric pressure.
Intensity of Heating Power
The burnout temperature of HTS elements is another crucial factor in the design of an SFCL. It is very difficult in this experiment to provide a quantitative correlation between the heating power and the exact peak temperature. However, it is meaningful to examine the correlation between the heating power and the "measured" peak temperature in the experiment, as we may obtain somewhat qualitative and useful information. that the peak temperature increases almost linearly with intensity, but the difference between the two temperatures (and the delay time of the peak temperature from the end of heating) becomes longer as the heating power increases. This means that the actual maximum temperature in the heater may increase at a higher rate than the measured peak, because a very intensive heating will vaporize adjacent liquid immediately, but the vapor layer near the surface may make a thermal barrier of heat diffusion to liquid for the short period.
CONCLUSIONS
Thermal diffusion of a heat pulse in subcooled liquid-nitrogen is experimentally investigated as part of our ongoing SFCL projects. From the measured temperature history for various conditions, a few valuable conclusions can be drawn for the thermal phenomena. First, the typical duration of a fault current (-100 ms) is too short for vaporized nitrogen to form any movable bubbles on the heating surface, thus the rate of temperature increase during the short period is independent of the surface inclination in liquid. Second, the recovery speed from the heat pulse is sensitive to the behavior of bubbles. Third, subcooling liquid nitrogen below 70 K is an effective method to suppress bubbles, which will lower the peak temperature and shorten the recovery time. Fourth, the peak temperature caused by a heat pulse may increase very sharply as the intensity of the heating power increases.
